A new congenie strain of obese mice, C57BK/KsJ-ob, has been developed for comparison with the C57BL/6J-ob eongenie strain. While obese mlee of both strains are characterized by obesity, hyperphagia, and hyperglycemia, the C57BL/Ks obese mice have severe diabetes, marked hyperglycemia, temporarily elevated plasma insulin concentrations, and typical degenerative changes in the islets of Langerhans. In contrast, the C57BL/6J obese mice have mild hyperglycemia and marked h3q3erinsulinemia eoupled with hypertrophy and hyperplasia of the islets of Langerhans. The severe diabetic condition produced by obese (ob) on the C57BL/KsJ background is similar, if not identical, to tha~ produced
Introduction
The obese mutant mouse (ob/ob) discovered at the Jackson Laboratory and first described in 1950 [7] has been studied extensively both in the non-inbred heterogeneous stock in which it originated and in the eongenie inbred strain, C57BL/6J-ob, that was developed by transferring the ob gene to the C57BL/6J (BL/6) inbred strain. In the homozygons state this mutation produces marked obesity coupled with overeating, hyperglycemia, hyperinsulinemia, marked insulin resistance and infertility [1, 11] . Because of genetic variability in the non-inbred stock, comparison of results of early studies with later studies in which mice of the BL/6-ob strain were used, is difficult and often confusing. Early reports [1, t2] describe the development of hyperglycemia by 9 weeks of age with the maximum blood sugar concentration of over 300 rag/100 ml being reached by 12 weeks of age and remaining at this concentration thereafter. In contrast, obese (ob/ob) mice of the BL/6-ob strain are characterized by moderate hyperglycemia rarely reaching 300 mg per 100 ml and then only transiently during the period from 8 to 12 weeks, after which the blood sugar concentration returns to near normal levels [3, 5, 6] . The decrease in blood sugar concentration is associated with a dramatic increase in plasma insulin concentration and a marked increase in the nuraber and size of the islets of Langerhans [3, 13] . The elevated plasma insulin concentration [3] (25--50 times normal) persists throughout a nearly normal lifespan although a modest decrease in circulating insulin (from over 4000 to about 3000 ~,U/ml) is associated with advancing age.
A stock of obese mice, maintained in Sweden and commonly called American-obese (AO), was established in 1959 with breeding stock obtained from the Jackson Laboratory colony prior to the transfer of the gene to the BL/6 inbred strain. This stock is characterized by such massive hypertrophy and hyperplasia of the islet cells that the islets can be readily microdissected from. the pancreatic tissue. This feature has made these mice invaluable in fundamental studies involving the metabolism of individual islets and factors regulating insulin secretion [4] . The development of the disease syndrome in these mice and a critical discussion of some of the differences between this stock and those used by others can be found in a comprehensive review by Westman [14] . In most other respects these AO obese mice have clinical characteristics similar to obese mice of the BL/6-ob strain. Moderate hyperglycemia is observed only transiently in the early developmental period, after Milch marked hyperinsulinemia coupled with englycemia is typical. Again the degree of hyperinsulinemia in the AO obese mice decreases in the period from 6 months until death [14] .
Another stock of obese mice, being propagated in France [8] is characterized by marked hyperglycemia (> 400 rag/100 ml) while yet another non-inbred stock is reported to have degenerative changes in the pancreas and duct cell nletaplasia [9] , features not described in BL/6 obese mice.
Diabetologia
The variability in clinical expression of the obese gene in the original non-inbred stock led Mayer and Silides [10] to suggest that the time of onset, and degree of hyperglycemia was conditioned by the presence or absence of modifying genes that influence the expression of the obese gene. Others [14] have suggested that differences in environmental factors such as diet could account for the diversity of results. Our interest in the influence of genetic background on the expression of obesity genes originated with the observation that the expression of the diabetes-2J (db xJ) allete, which also causes obesity and h3~ergtycemia, was different depending on the genetic background [6] . Diabetic mice of the eongenie inbred strains C57BL/Ks-db [2] and C57BL/Ks-db ~J [6] have severe diabetes characterized by hyperphagia, obesity, marked hyperglycemia, temporarily elevated plasma insulin concentrations and typical degenerative changes in the islets of Langerhans. In contrast, diabetic mice of the BL/6~db ~r inbred strain, although hyperphagie and obese, have a milder disease syndrome, characterized by transitory hyperglycemia, and severe hyperinsulinemia, coupled with hypertrophy of the islets of Langerhans and increased proliferative capacity of the fl-cetls [6] . Because this mild diabetic s)~ldrome is so remarkably similar to that, of obese mice of the BL/6-ob strain it seemed possible that the expression of obese on the C57BL/KsJ (BL/Ks) background might be similar to that of diabetes on the BL/Ks background. To assess this possibility we established the obese gene on the BL/Ks background for comparison with obese on the BL/6 background and with diabetes on the BL/Ks background. Preliminary evidence that modifiers in the BL/Ks genotype alter the expression of obese homozygotes has been reported [6] .
MateriMs and Methods
Obese (ob/ob) mice of two different eongenic inbred strains, C57BL/6J-ob (BL/6-ob) and C57BL/KsJ.ob (BL/ Ks-ob), were born, raised and maintained in our colony to ensure that all environmental conditions were as uniform as possible. The BL/6 obese mice were born to heterozygous parents procured from the Jackson Laboratory Production Department. The BL/6-ob eongenic strain is maintained by continuous cycles of eross-intereross matings and the parental mice used by us were all off~ spring of more than 20 such cycles. The BL/Ks obese mice were born to heterozygous parents from our eongenie inbred strain, BL/Ks-ob, which we had established by 5 cycles of eross-intereross breeding. Cont, rols were male and female mice of inbred strains BL/6 and BL/Ks. All mice were housed in stainless steel pens on pine shavings with pelleted food (19~o proteirt, 6~ fat, Emery Morse Company, Guilford, Conn.) and tap water available at, all times.
The experimental mice consisted initiMly of 12 males and 12 females from each strain. Body weights and non~ fasted blood sugar concentrations were recorded weekly from weaning age at 3 --4 weeks through 6 months of age. At monthly intervals, starting at 4 to 6 weeks, four obese (one male and one female from each group) were bled for insulin assays and killed. Sections of pancreas, liver, and kidney were saved and processed for histological exanaina t~on. Analyttcal and hlstelogmal procedures were as prevmusly described [2] .
Results

Control Mice
No differences between normal mice of the BL/Ks and BL/6 inbred strains were observed. Blood sugar concentrations ranged from 140 to 180 rag/ 100 ml and plasma insuIin concentrations from 30 to 100 [xU/ml. Typically, female mice had slightly lower blood sugar and plasma insulin concentrations. Body weights increased with age but rarely exceeded 35 g. Islet morphology in normal mice of the two strains was identical and was as previously described [2] . Table 1 shows the weight, blood sugar and plasma immunoreactive insulin changes with age in obese mice of the two strains. Increases in weight were essentialIy the same for the first three months. The most rapid post-weaning weight increase occurred bet.ween the first and second months when body weight doubled. Thereafter, BL/6 obese mice continued to gain slowly throughout the experimental period and all weighed between 60 and 70g by 10 months of age, when the experiment was terminated. In contrast, BL/Ks obese mice attained maximum weights of 45 to 55 g at 3 months for males and ~ months for females. After this age, most BL/Ks obese mice lost weight slowly for the rest of their lives.
Obese Mice
Blood sugar concentrations were normal at weaning (3 to 4 weeks) in obese mice of both strains ( Fig. 1 and Table 1 ). During the next few weeks, the blood sugar concentrations rose rapidly in both genotypes, reaching a peak in BL/6 obese mice sometime between 2 and 3 months and then gradually decreasing to within the normal range by 4 to 5 months. After this transient period of hyperglycemia, most BL/6 obese mice remained either euglycemie or hypoglyeemic for the rest of their lives. Blood sugar concentrations exceeding 300 mg per 100 ml were uncommon in BL/6 obese mice. However two mice, both males, attained values higher than this and sustained these high values until death. The data for these two atypical mice are not included in Table 1 and Fig. t .
In BL/Ks obese mice the blood sugar concentrations continued to rise and did not return to normal. An average concentration of over 400 mg per 100 ml was attained by 2 months in males and by 4 months in females. The blood sugar concentrations typically remained quite stable after reaching concentrations between 400 and 500 mg per 100 ml. Glyeosuria and polyuria were common symptoms. This sustained hyperglycemia was not only in distinct contrast to the transient hyperglycemia typical of BL/6 obese mice but. was similar to that observed in BL/Ks diabetic (db/db) mice (Fig. 1) . There was one atypical female in which the disease progressed as in BL/6 obese mice, with blood sugar values that gradually returned to within the normal range. The data obtained for this atypical female are excluded from Table 1 and Fig. 1 .
In the early stages of the syndrome plasma insulin concentrations were similar in obese mice of both genotypes being elevated from 4 to 10 times normal (Table 1) . However, insulin secretion or synthesis, or both, increased rapidly in BL/6 obese mice and plasma insulin concentrations rose to over 50 times normal by 2 to 3 months of age. This dramatic increase in circulating insulin appeared to be sufficient to restore the blood sugar concentrations to near normal values. In contrast, circulating insulin concentrations in BL/Ks obese mice did not increase beyond those observed in the first 2 months after which they fell to near normal levels at the same time that a further elevation in blood sugar concentrations occurred. A similar drop in plasma insulin concurrent with an increase in blood The ability to sustain abnormally high coneentrations of circulating insulin is directly related to the length of the period of weight increase and to the ultimate lifespan as well. BL/6 obese mice maintained plasma insulin concentrations at high levels and continued to gain weight throughout life. None had died by I0 months when the remaining mice (5 females and 3 males) were killed for insulin assay and histological examination. At the time of sacrifice (I0 months) t[he BL/6 obese mice were still gaining weight, the plasma insulin concentrations were all well above 1000 ~U per ml and no significant decreases in the plasma insulin concentrations had, as yet, become apparent. Persistent hypoglycemia (BS < 120 rag/t00 ml) was Observed in most of these older mice. In contrast, BL/Ks obese mice attained maximum plasma insulin concentrations during the period of most rapid accumulation of fat (1 to 2 months) and as the plasma insulin concentrations decreased to near normal these obese mice began to lose weight and died prematurely. None D.L. Coleman and K.P. Hummel: Obese Gene in t, he 5{ouse Diabetologia survived to 10 months and by 6 months all survivors were losing weight; 2 males had died by 3 months, 2 more by 6 months, and l female died at 7 months.
The morphological changes observed in the islets of Langerhans are consistent with the clinical development of the obese-hyperglycemic syndrome. Increases in size and number of islets and some degranulation of fl cells were apparent by t month of age in obese mice of both strains. There were, however, more and larger islets with less # cell degranulation in the BL/6 obese compared with the BL/Ks obese mice. Differences in islet morphology and in fi cell degranutat, ion were even more apparent at 2 months of age. At this age the BL/6 obese islets were not only more numerous and larger but contained dilated and congested sinusoids indicative of hyperactivity (Fig. 2) . BL/Ks obese islets were not as large, ~ ceils were more extensively degranulated, and early signs of degenerative changes such as inclusion of duets and acinar cells were apparent in many islets (. Fig. 3 ).
With increasing age there was a further increase in number and size of islets of BL/6 obese mice, whereas islets of BL/Ks obese mice became smaller and more atrophic. The characteristic features of the BL/6 obese hypertrophied islets can be seen in Fig. 4 These morphological differences in islets of obese mice on the two backgrounds are remarkably similar to the differences observed in islets of diabetes (db2J/ db 2J) mice on the BL/6 and BL/Ks backgrounds. Islet hypertrophy with enlargement of sinusoids a M fl cell hyperplasia was observed in BL/6-dbXJ/db 2J mice (Fig. 6 ) while islet atrophy with few granulated fl cells and the inclusion of acinar and ductal elements were characteristics of BLKs-db2J/db 2J mice (Fig. 7) . 
Discussion
The metabolic disorder caused by the obese (ob) gene on the BL/6 background is distinctly different from that, caused by the same gene on the BL/Ks background. Tile clinical features are similar in the early developing stages at the time when the symptoms ineIude hyperphagia, rapid accumulation of adipose tissue, hyperinsulinemia, and hyperglycemia (Table 1 and Fig. 1 ). In the later stages, beginning at about 3 months of age, BL/Ks obese mice are characterized by severe hyperglycemia,, a return to near normal plasma, insulin concentrations and little or no further weight gain. Many die before 6 months of age. In contrast,, BL/6 obese mice remain hyperinsulinemic throughout life and continne to gain weight as long as they live. They do not become severely diabetic although many Diabetologia go through a transient period of mild hyperglycemia at about 2 to 3 months of age. Consistent with these clinical differences are striking differences in the islets of Langerhans. In BL/6 obese mice there is a marked increase in both size and number of the islets (Fig. 4) , whereas in BL/Ks obese mice there is a typical degenerative atrophy of the islets (Fig. 5) . These differences in islet response are direct reflections of the clinical features of the disorder. Normal plasma insulin, high blood sugar concentration, and severe diabetes with shortened lifespan are associated with islet atrophy (BL/Ks obese), whereas extremely high plasma insulin, with mild or transient hyperglycemia are associated with islet hypertrophy (BL/6 obese). The expression of diabetes (db2J), when maintained on these two different inbred backgrounds [6] is strikingly similar to the expression of obese (oh) on the same two genetic backgrounds. Hyperinsulinemia, continued weight increase, transitory hyperglycemia and morphological changes indicative of # cell hyperactivity (Fig. 2, 4, 6 ) are characteristic of both oh~oh and db/db mice on the BL/6 background. Marked hyperglycemia, transitory hyperinsulinemia and morphological changes indicative of loss of capacity of fi cells to secrete insulin (Fig. 3, 5, 7) are characteristic of both ob/ob and db/d& mice on the BL/Ks background.
The clinical data, and islet morphology suggest that synthesis and secretion of insulin are reduced prematurely in both obese (oh~oh) and diabetes (db/db) on the BL/Ks background and enhanced in obese and diabetes on the BL/6 background. In young BL/Ks-ob/ob and BL/Ks-db/db mice the fi cells are extensively degranulated whereas the numerous enlarged islets of BL/6 mutants contain many well granulated fi cells as well as other indications of rapid synthesis and secretion of insulin. The contrast in islet morphology associated with background genotype becomes even more evident in older mice where severe atrophy is typical of islets from both mutants on the BL/Ks background (Fig. 5, 7 ) and hypertrophy is typical of islets of both on the BL/6 background (Fig. 4, 6) .
The strildng similarity of the metabolic disorders produced by the two genes (ob and db) suggests that many, if not all, of the features result not from the presence of these mutant genes themselves but from their interaction with the host genomes. It must be emphasized that no differences in islet morphology have been observed in islets of normal BL/6 and BL/ Ks mice and that islet differences are observed only when the mutant genes interact, with modifying genes associated with the background genotype. The data presented here indicate that mice homozygous for either ~e obese or diabetes genes respond in two divergent fashions, the basic difference being that BL/6
obese and BL/6 diabetes mice have the capacity to expand insulin supply indefinitely, whereas the BL/Ks obese and diabetes mice have a limited capacity and cannot meet the demand for an ever-increasing Supply of insulin.
Strain BL/6-ob has been produced by many cycles of cross-.intereross rantings, making it unlikely that any residual modifiers from the stock of origin remain in the genome. Thus the occasional atypical response in this strain may be attributable to interaction of the obese gene with unidentified environmental factors. On the other hand, residual BL/6 modifying genes remaining in the BL/Ks-ob stain genome after only 5 cycles of cross-intercross breeding, as welt as envirom mental factors, could account, for any atypical response in obese of this ~rain. Uterine enviromnent, as well as availability of food and water, type of food, and other external conditions which are difficult to control completely may be involved. The number of modifying genes is unknown but since the BL/Ks and BL/6 inbred strains are thought to be closely related there is a possibility that only a small number of genes are involved. Since the present studies provide added evidence for the existence of different modifying genes in the two strains we hope to be able to isolate these genes and establish their nature. These studies emphasize the importance of strict genetic conC-rol in attempts to establish the causes of genetic diseases such as obesity and diabetes. We have found that genetic modifiers in two strains, BL/Ks-ob and BL/6-ob, have different and fairly consistent effects on the expression of both the obese and diabetes genes, We can assume that modifiers in non-inbred stocks will be different from those of inbred strains and also will not be uniformly present. This emphasizes the importance of accuracy of statements regarding the source of any obese mice used in experiments. The fact that the original source of all obese mice was the Jackson Laboratory does not justify the use of terms such as Bar Harbor obese, American obese, and Jackson Laboratory obese in designating the mice used. Such nomenclature implies that the mice were secured directly from the Jackson Laboratory and leaves uncertain their immediate source, as well as whether they were derived from a non-inbred stock or from strain C57BL/6J-ob, and how many years or generations they may have been bred in some other labora. tory. To avoid confusion we recommend that published reports use the gene name (obese) and symbol (oh) and state clearly the immediate source and genetic background on which the mutant is maintained.
